During active rickets, the increase in 3',5'-adenosine monophosphate (3',5'-AMP) excretion after infusion of parathyroid hormone (PTH) can be claimed as a demonstration of PTH responsiveness, at least as far as the kidney is concerned (Table II) . In patients with vitamin D-dependent rickets, following 25-HGC therapy, the basal excretion ratios of nanomoles 3',5'-AMP/milligrams creatinine fall within the normal range, and, although the basal ratios of milligrams phosphate/milligrams creatinine excretion decrease to normal (Tables III, IV , and V), a phosphaturic response to PTH is still not evident. The high basal ratios of nanomoles 3',5'-AMP/ milligrams creatinine and milligrams phosphate/milligrams creatinine suggest underlying hyperparathyroidism during a phase of this syndrome marked by hypocalcemia and hyperaminoaciduria. During 2-day PTH challenges, while rickets was active, the peak increases in serum calcium above base line were 1.92, 1.80, and 1.86 mg/100 ml. After treatment with 25-hydroxycholecalciferol (25-HCG), no further significant increases in serum calcium above base line could be elicited (Tables  VI, VII, VIII) . It would seem, therefore, that, while these patients were untreated, small but sufficient amounts of 25-HCC or another metabolite of vitamin D were available to permit the calcium-mobilizing action of PTH on bone. The observed hypocalcemia in vitamin D-dependent rickets, then, is most likely secondary to a defect in gastrointestinal absorption. Mineral balance studies during active rickets revealed an absorptive defect for calcium, phosphorus, and magnesium-a defect completely reversible after 25-HCC treatment.
Introduction
growth failure [4, 13-15, 19, 29, 43] . Because 10-100
Vitamin D-dependent rickets is characterized by hypotimes th e usual daily requirement for vitamin D is calcemia, hyperaminoaciduria, and relatively mild necessary to correct this disorder, speculations concern-Vitamin D-dependent rickets 553 ing its pathogenesis have focused mainly upon an abnormality in vitamin D metabolism. The present study was designed to evaluate, before and after 25-HCC treatment, PTH action at three target organ sites: kidney, bone, and gastrointestinal tract. By so doing, perhaps, a dissociation between the effectiveness or defectiveness of action of PTH or vitamin D, or both, could be discerned. The data, in the active phase of the disease, demonstrated: (1) PTH responsiveness for the kidney, to an extent which suggested underlying hyperparathyroidism; (2) effective PTH action on bone where the presence of vitamin D in its biologically active form, probably 25-HCC [34, 45] , is necessary for the expression of PTH action; and (3) impaired gastrointestinal absorption of calcium, phosphorus, and magnesium. At this site, 1,25-dihydroxycholecalciferol, generated in kidney tissue from 25-HCC, is thought to be the metabolite responsible for mineral absorption from the intestinal lumen [25, 33, 34] . Current evidence suggests that orally administered DHT follows pathways similar to those of the natural vitamin [11, 18] .
Studies repeated before and after 25-HCC therapy, and after contrasting doses of DHT and 25-HCC, may focus attention on deficient formation of 1,25-dihydroxycholecalciferol and on the possibility of genetic heterogeneity in this entity (entities).
Patients
Three patients, a 4.5-year-old Negro boy (Patient 2), and two Puerto Rican brothers, 12 and 14 years of age, qualified for these studies on the basis of growth failure, hypocalcemia, low or normal serum phosphate levels, elevated serum alkaline phosphate levels, hyperaminoaciduria [55] , and x-ray evidence of rickets, in the face of normal dietary intake of calories, protein, and vitamin D. None of them, therefore, had vitamin D-deficient rickets or familial hypophosphatemia (vitamin D-resistant rickets). Thus, all patients qualified for the entity (entities) currently designated as vitamin D-dependent rickets. Patient 2 responded well to DHT, whereas the two brothers did not respond at any time to very large doses of DHT. Similarly, both brothers required larger doses of 25-HCC [53] for complete healing than did patient 2. None of these patients responded to less than 500 IU of 25-HCC/24 hr; and, as has been reported by others [4] , the absolute range for therapeutic response to vitamin D (25-HCC in these reported patients) was extremely narrow, particularly in patient 2. (See Table I November, 1969 , with the chief complaint of pain and deformity in the lower extremities for 2 years. He had a history of similar symptoms at age 1.5 years and some improvement after receiving "vitamins," but without ever having become normal. Dietary history was adequate. On physical examination, shortness of stature was evident, but his appearance reflected good nutrition. Moderate rachitic deformities of the extremities were present.
Routine laboratory findings were normal; the chemical analyses on admission are listed in Table I 1 Normal values: total serum calcium, 9-11 mg/100 ml; serum inorganic phosphorus, 4-6 mg/100 ml; serum magnesium, 1.7-2.3 mEq/ liter; serum alkaline phosphatase, 3-7 Bessey-Lowry units. 2 Male Puerto Rican siblings. 3 Negro male.
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25-HCC/24 hr, nor did he respond to 1.4 mg of DHT/24 hr for 6 months. In July, 1970, he began to receive increasing doses of 25-HCC, beginning with 3000 IU/24 hr. Weekly increments of 1000 IU/24 hr were given until a dose of 5000 IU/24 hr was reached. By late September, 1970, the level of calcium in serum became normal, and by December, 1970, his x-rays showed good, nearly complete healing of rickets, while the level of alkaline phosphatase in serum also became normal.
Patient 2. JM, a 4.5-year-old Negro boy, was admitted to the Pediatric Clinical Research Center in August, 1969. The family history revealed several close relatives with shortness of stature, but without any known diagnosis of metabolic bone disease. The mother's serum calcium, phosphorus, and alkaline phosphatase were normal. The patient's medical history was unremarkable until he was brought for examination because of an awkward gait of several months' duration. Dietary history was adequate with regard to fortified milk intake all of his life and vitamin supplements during the 1st year of life.
On physical examination, his height was below the 3rd percentile, and weight was at the 25th percentile. Enamel hypoplasia was observed. A rachitic rosary was present. Mild bowing of the femora and tibiae and a Marian sign were noted. An umbilical hernia persisted.
Routine laboratory tests were normal; the initial serum analyses are listed in Table I .
The initial diagnostic impression was of familial hypophosphatemia, although the low serum calcium was unexplained. JM was treated with 2 mg DHT/24 hr, and, as a result, serum calcium returned to normal (9.5 mg/100 ml), serum phosphate rose to 5.8 mg/100 ml, and alkaline phosphatase fell to 10 Bessey-Lowry units. X-rays provided evidence of healing, and the DHT dosage was reduced to 0.5 mg/24 hr. This combination of events (normal to high serum phosphate on therapy and the finding of hyperaminoaciduria) rendered the diagnosis of familial hypophosphatemia untenable even though the therapy was succeeding.
After DHT was discontinued for 2 months, JM was readmitted for the special studies reported below. Upon discharge, he received 250 IU 25-HCC/24 hr. Dosage was increased by increments of 250 IU every 3 weeks until a dose of 1000 IU/24 hr was reached. Although this dose resulted in complete chemical and x-ray healing of the rickets, it is possible that a longer period of treatment with 500 IU, or less, of 25 
Methods
Routine Tests
Prior to the special studies noted below, the following tests were performed routinely on each patient.
Serum: sodium, potassium, carbon dioxide, chloride, urea nitrogen, antirachitic activity [46, 54] , albumin, globulin, bilirubin, serum glutamic oxaloacetic transaminase/serum glutamic pyruvic transaminase, cholesterol, triglycerides, lipoproteins, oral glucose tolerance test, oral iron tolerance test [38] , and concentration of vitamin B ia .
Urine: creatinine clearance and excretion of D-xylose [6] .
Stool: fat excretion [47] . Radiology: small intestine.
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Special Studies 3' r 5'-AMP Excretion. While the patient was on a normal mineral intake and was receiving 400 U vitamin D/24 hr, the hourly excretion of 3',5'-AMP was determined from 8:00 AM until 12 noon. On the 2nd day, however, at 9:00 AM, 150 U of PTH [52] in 25 ml isotonic saline was infused intravenously. This infusion lasted about 10 min. Specimens of urine were collected hourly and measured, and aliquots were immediately frozen and stored at -20° until 3',5'-AMP could be determined. Base line (control), interval, and total test time excretion of 3',5'-AMP were measured according to the technique of Chase et al. [9] which is based upon the enzymatic conversion of the nucleotide to adenosine triphosphate and detection of the latter by means of an adenosine triphosphate- 32 Pj exchange. About 200 ml water/hr were given by mouth from 6 AM to noon.
PhosphorusjCreatinine Ratio. The hourly excretion of milligrams phosphate/milligrams creatinine was determined by the same protocol as that used for 3', 5'-AMP.
A Serum Calcium. While the patient was on a normal mineral intake and was receiving 400 U vitamin D/24 hr, 150 U PTH were injected intramuscularly every 6 hr for 2 days. Serum samples were obtained every 3 hr for determination of calcium, and the A serum calcium (height response) was measured during this 2-day period.
General Balance Techniques. Standard mineral balance techniques were performed in the Pediatric Clinical Research Center of Montefiore Hospital and Medical Center. Subjects were offered a diet which was constant in calories, nitrogen, and mineral content. Composition of the diet was analyzed in duplicate. All food refused was weighed and subtracted from the daily intake. Daily venous blood specimens and 24-hr urine specimens were collected. Stools were separated at the end of each period with carmine marker and the pooled specimen for the balance study of 10 days, with at least a 4-day period of preequilibration, was subsequently analyzed. Oral chromic oxide, 120 mg/24 hr, served as a daily internal reference standard. The following methods were used for analysis: calcium, MacIntyre [27] ; magnesium, Alcock et al. [1] ; phosphorus, Fiske and Subbarow [16] ; nitrogen, micro-Kjeldahl [22] ; creatinine, Clark and Thompson [10] ; alkaline phosphatase, Bessey et al. [7] .
All studies were repeated during complete clinical, chemical, and x-ray remission while patients were receiving 1000 or 5000 IU 25-HCC daily.
Results
3',y-AM.P Excretion
During active rickets, basal excretion values of 3',5'-AMP, expressed as the ratio of nanomoles 3',5'-AMP/milligrams creatinine, were 5.85, 6.10, and 5.62 for the 3 patients. These values were higher than normal ones previously reported [5, 9] , Increase in 3',5'-AMP excretion, after infusion of PTH, was rapid in onset and almost complete in 1 hr (Table II) . The peak values of 82, 92, and 99 represent exaggerated responses [5, 9] . Fluctuations in the high basal ratios of milligrams phosphate/milligrams creatinine excretion [9] obscured a phosphaturic response to PTH, if indeed, this did occur (Table III) . Thus, the increased excretion of 3',5'-AMP after PTH infusion can be interpreted as a demonstration of PTH responsiveness of the kidney in diis disease [5, 9, 23, 30, 41, 44] .
After patients were treated with 25-HCC, the basal excretion ratios of nanomoles 3',5'AMP/milligrams creatinine (3.19, 3.97, 3.63) fell within the normal range [5, 9] and the increase in nanomoles 3',5'-AMP/ milligrams creatinine excretion after PTH infusion was no longer as exaggerated as before (Table IV) . The time course of peak excretion remained the same. When patients were treated, a phosphaturic response to PTH was still not evident (Table V) even though the basal ratios of milligrams phosphate/milligrams creatinine excretion decreased to normal limits. However, the appropriately increased excretion of 3', 5'-AMP after PTH infusion represents a more sensitive parameter of PTH action on the kidney [5, 9, 23, 30, 41, 44] .
PTH Challenges
The peak changes above base line in serum calcium during the 2-day PTH challenges, while rickets was active, were 1.92, 1.80, and 1.86 mg/100 ml. These increases of serum calcium above 1.50 mg/100 ml are accurate and normal indications of the calcium-mobilizing action of PTH under these conditions [20, 21] . While patients were treated with 25-HCC, no further significant increases in serum calcium above base line could be elicited (Tables VI, VII, VIII) when no evidence of rickets could be demonstrated.
Mineral Balance
Complete mineral balance studies were performed on the 4.5-year-old patient (Patient 2, JM) and on one of the brothers with this syndrome, 14-year-old AR (Patient 3). During the active phase of this disease, an absorptive defect was found which involves calcium, phosphorus, and magnesium. After patients were treated with 25-HCC and healing of rickets was complete, the absorption of these minerals was normal (Table IX) .
Discussion
Refractoriness of PTH has been reported in this syndrome [15, 29] . If this finding was confirmed at a target organ where it is established that PTH action is independent of the presence of vitamin D [3, 17] , then it would appear increasingly difficult to separate the individual actions or to associate the joint actions of PTH and vitamin D. Indeed, a reliable indicator of target organ response of the kidney to exogenous PTH has been demonstrated, namely increased urinary excretion of 3',5'-AMP.
The apparent dissociation between 3',5'-AMP and phosphate excretion, in response to PTH challenge, is not unique to this study. Phosphaturic response may be inconstant, indistinguishable from diurnal variations, and frequently small [12] . On the other hand, the response manifested in 3',5'-AMP excretion, dur- ing standard experimental conditions adopted by several different laboratories, has been shown to be remarkably constant [5, 9, 23, 30, 41, 44] . Moreover, the specificity of levels of 3',5'-AMP in urine, as an exact indicator of PTH action on the kidney, has been strongly supported by the demonstration that very little exogenous PTH-induced excretion of 3',5'-AMP (approximately 6% or less) is of extrarenal origin; and, during endogenous hyperparathyroidism, the nephrogenic contribution to basal 3',5'-AMP excretion has been shown to be markedly increased [23] . The high basal levels of nanomoles 3', 5'-AMP /milligrams creatinine and milligrams phosphate/milligrams creatinine suggest, but do not prove, the existence of underlying hyperparathyroidism [9, 23, 44 ] during a phase of this syndrome marked by hypocalcemia and hyperaminoaciduria. The metabolic significance for the observed increase in basal excretion of 3',5'-AMP is incompletely understood, and will likely remain so until the physiologic role of 3',5'-AMP is clarified. To date, it has been established that the action of PTH on bone and kidney involves the adenyl cyclase system and results in an increased concentration of intracellular 3',5'-AMP [39] . Nevertheless, very little data concerning specific metabolic systems subsequently affected by 3',5'-AMP in renal and skeletal tissue have been reported. Needless to say, the intracellular actions of 3', 5'-AMP are currently under investigation in several laboratories [39] . The exaggerated responses to PTH most likely reflect administration of a larger dose of hormone rela- 1 After treatment with 25-hydroxycholecalciferol. 2 Mean, in mg/day. 3 Percentage of intake. 4 From Macy and Kelly [28] .
tive to body weight. Similar responses have been recorded in two children with familial hypophosphatemia and have been ascribed to larger doses of PTH relative to body weight [5] . Adults with vitamin D-resistant rickets, it has been demonstrated, do respond appropriately to PTH challenge [5] . Nevertheless, the responses reported here and by others [23] indicate that relatively large doses of PTH can produce approximately a 30-fold increase in 3',5'-AMP excretion. The apparent dissociation in phosphate from 3', 5'-AMP excretion, therefore, does not seem to occur because of limited capacity of the renal adenyl cyclase system to generate 3',5'-AMP. More likely, the limiting factor in the phosphaturic response is beyond the formation of 3',5'-AMP. What it is that limits the responsiveness of a target cell to a hormone has never been clearly defined.
The metabolically active form of vitamin D is a requirement for effective PTH action on bone to mobilize calcium [37, 40] . Trummel and co-workers [45] have presented evidence that 25-HCC, once formed biologically from vitamin D in the liver, is the active metabolite effecting calcium mobilization from bone. Results of studies of the 2-day challenges with PTH tend to confirm their findings; i.e., the A serum calcium above base line during PTH administration was not significantly greater before than after treatment with 25-HCC. It would seem, therefore, that, while these patients were untreated, sufficient amounts of 25-HCC, or a different metabolite of vitamin D, were available to act jointly in effecting the calcium-mobilizing action of PTH.
The fact that these reported cases responded differently to DHT (AR and SR never responded) would suggest that there is a partial block in the formation of 25-hydroxydihydrotachysterol from DHT. Neverthel less, results of studies of the 2-day challenges with PTH indicate that the calcium-mobilizing action of the hormone is intact, and, presumably, sufficient amounts of the 25-hydroxy metabolite are present to carry out this hormonal action. It follows, then, that this is a variable and incomplete block (see below). Moreover, these experimental results are not surprising in view of the hypothesis, expressed here and by others [4, 19] , that impaired intestinal absorption of calcium (see below) is the cardinal event, which subsequently leads to hypocalcemia and hyperparathyroidism. Stated differently, we suggest that a proposed block in 25-hydroxylation is less significant clinically than a postulated block in 1-hydroxylation. These already complex interactions become even more intricate if, as recently suggested, PTH and calcitonin are actual regulators of 1,25-dihydroxycholecalciferol (1,25-(OH) 2 D 3 ) synthesis as well as other vitamin D metabolites [8] .
Despite the intactness of the calcium-mobilizing action of PTH with a vitamin D metabolite, presumably 25-HCC, the mineral contribution from increased bone resorption during hyperparathyroidism does not correct the observed hypocalcemia, although it helps to maintain serum levels of inorganic phosphate. In addition, with this degree of hyperparathyroidism, a tubular defect in phosphate reabsorption, if present, is minimal and is not reflected by very low serum levels of inorganic phosphate. The observed hypocalcemia, then, is most likely secondary to a defect in small intestinal absorption. This defect results in larger net losses of calcium than of phosphorus, particularly when endogenous fecal excretion is included.
Small intestinal defects for absorption of calcium, Vitamin D-dependent rickets 559 phosphorus, and magnesium have been demonstrated in two patients during active rickets-a defect which is reversible after treatment with 25-HCC. Other aspects of small intestinal function were normal. Although intestinal biopsies were not performed, small bowel morphology in other patients with this disease has been previously reported to be normal [19] . The results of one mineral balance study in this disease, the only such study reported to date, were interpreted as a demonstration of impaired and selective intestinal absorption of calcium during active rickets [19] . However, the authors state that phosphorus absorption may have been slightly impaired, and they present evidence that phosphorus absorption was significantly increased after treatment with large doses of vitamin D 3 . Similar to the trend of results in the balance studies reported here, Hamilton and co-workers [19] reported that the excretion of phosphorus in urine increased from a pretreatment low of 63% to a posttreatment high of 98% (their data were expressed as percentage of intake). Further comparisons, however, are difficult because (1) mineral excretion in urine during hourly intervals of a 24-hr period were not reported, and (2) the authors did not comment on the presence, or absence, of phosphaturia or hyperparathyroidism, or both, during the reported pretreatment balance periods when their patient was hypocalcemic [19] . The observed phosphaturia in consecutive urine collections limited to 4-hr periods, during the specified time of day and experimental conditions, does not synchronize with the relatively small excretion of phosphate in urine over a complete 24-hr period-a period marked by severe impairment of intestinal phosphate absorption (Tables III and IX) . Although the explanation of these data remains obscure, speculations concerning this sequence may be entertained.
In view of (1) the recent suggestion that vitamin D metabolites may directly effect PTH secretion [51] ; (2) the recent description of a new vitamin D metabolite, 21,25-dihydroxycholecalciferol, which is probably involved in tubular reabsorption of phosphate [8, 11] ; (3) new evidence to suggest that the formation of specific vitamin D metabolites may be directly controlled by calcitonin and PTH [8] ; (4) the postulated, differential, and variable hydroxylating blocks in these children; and (5) likely presence of endogenous hyperparathyroidism in the active state of the disease, it may well be that a "steady state" of PTH secretion is not present during any clock-time period. We may have inadvertently found the "right" biologic time in defining a hormone-tissue-metabolic sequence (phosphate excretion in urine), involving, perhaps, great variability in PTH secretion over very short biologic time periods. Alternatively, there may be an as yet unnoticed effect of a large water load on phosphate excretion in this disorder. In any event, the apparent discrepancy between the acute experiments (Tables VI  and VII ) and the 24-hr balance studies (Table IX) with respect to phosphate excretion, although not germane to the conclusions drawn herein, does require further investigation. Consideration of these possibilities awaits more clinical research in this newly described syndrome, and investigation into the frequency and duration of secretory episodes of PTH, similar to published studies of cortisol secretion [49] . In this regard, Parsons el al. [35] have recently demonstrated in vivo the very rapid and time-variable manifestations of PTH action.
Current evidence links calcium absorption to the presence of vitamin D 3 or a metabolite thereof [24, 48] . Phosphorus absorption is enhanced secondarily to that of calcium, and all three minerals, calcium, phosphorus, and magnesium, probably follow the same transport-pathway system in the gut [2, 32] . Although this is disputed by some investigators [26, 50] , PTH is not considered to be an absolute requirement for transport of these minerals across the intestine; to date, a direct action of PTH on mineral absorption has not been consistently demonstrated [36, 42] . Even if the presence of PTH was necessary for this expression of vitamin D action, there are sufficient data in this and other reports [4] to indicate underlying hyperparathyroidism in untreated patients. Moreover, availability of a vitamin D-intestinally active metabolite appears to be the final limiting factor in these balance studies and clinical courses of these patients; after treatment with 25-HCC (1000 IU/24 hr for one patient and 5000 IU/24 hr for the other two), the absorptive defect has been completely reversed. The patient who responded to lower doses of 25-HCC, if given more time, may have ultimately responded to 500 IU, or less, of 25-HCC/24 hr. However, this very narrow dose range is characteristic of this syndrome. Nevertheless, it is clear that, at the very least, two of our patients responded only to large doses of 25-HCC. On the other hand, the presented data demonstrate the effective action of vitamin D (25-HCC) jointly with PTH in effecting the calcium-mobilizing action of PTH, both pre-and posttreatment. This finding fits in well with the proposed clinical chain of events-namely, intestinal malabsorption of calcium, hypocalcemia, hyperparathyroidism, and so on.
In addition, these children responded dissimilarly to DHT-JM responded promptly to 2 mg/24 hr, whereas the two brothers never responded to very large doses (2-4 mg/24 hr for months) of DHT. To explain these responses, we suggest the possibility that variable and differential hydroxylating enzyme deficiences are present in the 25 and 1 positions of the parent vitamin. These different therapeutic responses resemble the proposed coenzyme binding kinetics for pyridoxine-responsive genetic disease [31] . In the latter group of inborn errors of metabolism, and perhaps in vitamin D-dependent rickets as well, the possibility exists that the activities of the affected enzymes, although decreased, are not completely lacking. If, by therapeutic means, residual enzyme activities can be enhanced, appropriate metabolic responses may result. Thus, enzyme enhancement, to different degrees in these reported patients, may need to be extremely small to result in a physiologically significant event.
This report as well as others [4, 14, 15] indicates the hereditary basis for this disease. We suggest that patients currently included in this syndrome may not necessarily all have the same autosomal recessive trait. Further, genetic heterogeneity, common to other inborn errors of metabolism, may well be present herein, indicating now the distinct possibility of more than one allele for vitamin D "dependence." Future evaluation of our postulate would be aided by the examination in vitro of the hydroxylating capacities of such patients' liver and kidney tissue, while they are on and off medication, and by treating such patients with 1,25-dihydroxycholecalciferol.
Summary
Three patients with vitamin D-dependent rickets, two of them siblings, have been studied. The data presented on these patients demonstrate that: (2) kidney is responsive to PTH, as measured by 3',5'-AMP excretion, to an extent indicative of underlying hyperparathyroidism during active rickets; (2) PTH is effectively active on bone, to the same degree during both preand posttreatment with 25-HCC; and (3) impaired small intestinal absorption of calcium, phosphorus, and magnesium is reversible by 25-HCC therapy. These results suggest that: (1) PTH is effective on kidney, both pre-and posttreatment; (2) sufficient amounts of 25-HCC or another metabolite are present to act jointly in effecting the action of PTH on bone, both pre-and postadministration of 25-HCC; and (5) unavailability of a vitamin D-biologically active metabolite seems to impair mineral absorption by the small intestine during active rickets, which results in hypocalcemia and hyperparathyroidism. In view of the presented data and the dissimilar responses of patients to differing doses of DHT and 25-HCC, we speculate that the cardinal event in this disease is a relative failure in the biologic transformation of vitamin D to its active metabolites. Furthermore, we postulate that the metabolic block is differential and variable, and that it involves both the 25 and 1 hydroxylating positions of the parent vitamin.
